INTRODUCTION
Air-breathing divers acquire oxygen at the water surface and their food at a spatially different site underwater and are thus under considerable selection pressure to modulate oxygen use judiciously during foraging. Assuming that such animals rely principally on aerobic respiration (e.g. Butler 2004) , an individual's dive duration will be primarily limited by the rate of oxygen use, this itself being closely linked to the mechanical power used underwater (Boyd et al. 1995 , Butler & Jones 1997 . In benthicforaging diving birds, power requirements for the descent and ascent phases of the dive are a remarkably constant function of dive depth (Watanuki et al. 2005 , Wilson et al. 2006 Fig. 1) because these costs relate primarily to the mechanical work associated with the displacement between the surface and the seabed. Thus the variance in energy used during the whole dive cycle is essentially determined by dive depth and the use of power in the bottom phase.
The mechanical power requirements in all phases of the dive are determined primarily by 2 different forces acting on the swimming body, those of upthrust and drag , Wilson et al. 1992 , as well as inertial work in acceleration. Since, in diving birds, body density (excluding air spaces) is similar to that of water (Wilson et al. 1992) , the overall upthrust is primarily a function of the air contained in the plumage and respiratory spaces, which becomes compressed with increasing water depth according to Boyle's Law.
ABSTRACT: In air-breathing animals, the time and energy costs of each dive are primarily determined by depth-related upthrust, swim speed and temperature. While studies have previously investigated how animals should optimise their behaviour in relation to either upthrust or speed they have rarely been examined in tandem. We took overall dynamic body acceleration (ODBA) as a proxy for the mechanical power used during the bottom phases of dives of imperial shags Phalacrocorax atriceps, as these birds forage benthically, in order to define: (1) the minimum power required for swimming at depth and (2) how the use of power above this threshold varied with dive depth. Results showed that ODBA declined with increasing dive depth in a manner correlated with the reduction in upthrust, and that the use of power above that required for prey searching increased with increasing dive depth. This may constitute a response to depth-related patterns in prey availability. We present a model to investigate an alternative hypothesis that the ability of birds to produce burst speeds is also inversely related to the power required to counter buoyancy. Under the model assumptions, achievable burst speeds vary up to 0.7 m s -1 across dive depths from 5 to 60 m. Ultimately, prey preferences cannot be separated from prey fields, but we suggest that this model may provide insight into the ability of air-breathing divers to pursue various prey types according to dive depth. This upthrust defines the minimum power requirements of any moment during a dive, as birds must produce a force equal to it in order to simply remain at a particular depth. These costs decline most rapidly in the first few metres of the water column (Wilson et al. 1992 , Watanuki et al. 2003 .
Power requirements above this minimum are determined by the bird's swim speed. In order to move forwards, a bird must produce enough power to overcome the drag, which increases as an accelerating function of speed (Kooyman & Davis 1987 , Lovvorn et al. 1999 . High speeds, including those characteristic of prey pursuit, are therefore particularly energetically costly, and use of such speeds causes substantial depletion of oxygen reserves, compromising dive duration accordingly (Wilson et al. 2002a) . Therefore, there is likely to be strong pressure for the conservative use of power during the dive, with animals selecting search speeds that will maximise their prey search time, increasing their speed only where, and as much as, necessary to pursue and capture prey items (Boyd et al. 1995 , Wilson et al. 2002a . As air-breathing divers can catch multiple prey items in one dive (e.g. Wilson et al. 2002b) , the allocation of resources to catching the first item has implications for the success of the remainder of the dive. Consequently, in pursuit-diving animals (sensu Ashmole & Ashmole 1967), fine-scale changes in swim speed within the dive may provide insight into both prey availability (cf. Wilson et al. 2002a ) and how predators manage oxygen budgets under different conditions.
We used a relatively new method to quantify the fine-scale changes in use of mechanical power during the dives of free-living imperial shags Phalacrocorax atriceps. These birds are benthic foragers and, consequently, the different phases of the dive are clearly separated according to function, with the descent and ascent phases representing travel and the bottom phase representing a combination of prey search, pursuit, capture and handling. Acceleration was recorded in imperial shags and used to derive the overall dynamic body acceleration (ODBA), a single, unified measure of body motion (Wilson et al. 2006) . ODBA was used as a proxy for mechanical work, based on the principle that chemical energy is required to produce motion and motion requires mechanical work (A. Gleiss, R. P. Wilson, E. L. C. Shepard unpubl. data) . This has been given credence by high correlation coefficients between ODBA and energy expenditure for 10 species during locomotion ) and, further, between ODBA and upthrust during the dive descents of imperial shags (Wilson et al. 2006) . Our objectives were to: (1) define the minimum power requirements associated with prey searching in relation to dive depth (assuming that birds select the most efficient swim speed for search behaviour) and (2) examine how actual power use varied in relation to this minimum, in order to gain insight into the availability of prey types with dive depth.
MATERIALS AND METHODS
Data collection. Imperial shags were instrumented with daily diary (DD) units (Wilson et al. 2008a ) to record acceleration values in 3 axes, hydrostatic pressure, beak opening angle (with inter-mandibular angle sensors [IMASEN] , see below) and up to 10 other parameters, not considered here, with 22 bit resolution. Acceleration and pressure were recorded at frequencies of 6 Hz when DD units included an IMASEN and 9 Hz when they did not. The units were streamlined to minimise drag and had maximum dimensions of 70 × 40 × 10 mm and a maximum mass of 36 g in water and 68 g in air, representing no more than 2.5% of the bird's mean body mass (Svagelj & Quintana 2007) .
A total of 17 male imperial shags were equipped in the austral summers of 2005 to 2008 in colonies at Punta Léon (43°04' S, 64°2' W) and Bahia Bustamante (45°10' S, 66°30' W), Chubut, Argentina. All birds were brooding small chicks at the time of instrumentation. Birds were slowly removed from the nest using a custom-made crook and devices were attached to the lower back using Tesa tape (Wilson et al. 1997) .
Of the 17 DD units deployed, 8 included IMASENs, which measure beak-opening angle and, thereby, prey capture events (Wilson et al. 2002b ). In these units, a Hall sensor was connected to the main DD via a cable (3 × 420 mm, diameter × length). The Hall sensor was embedded in epoxy resin and secured in a saddle, which enabled it to fit snugly over the upper mandible, to which it was secured using 2-part epoxy adhesive (Poxipol) (Fig. 1a) . This whole satellite unit had a mass of ca. 1.3 g. A circular neodymium boron magnet (3 × 2 mm) was then attached to the lower mandible below the Hall sensor using the same adhesive. In order to convert beak opening angle into degrees, the IMASEN was calibrated by holding the mandibles open on either side of a turned aluminium rod, which consisted of sections of known diameter, increasing from 5 to 25 mm in 2.5 mm intervals (Wilson et al. 2002b) . By measuring the distance between the centre of the rod and the point of articulation of the mandible, beak opening angle could be converted into degrees using simple trigonometry. These values were then regressed against the Hall sensor output voltages recorded by the logger at the time of the calibration (see Wilson et al. 2002b for details). The cable was secured at intervals to the bird's neck using small strips of Tesa tape (cf. Wilson et al. 1997 ). The whole process took a mean of 13.8 min (range = 12 to 16 min), in comparison to a mean of ca. 8 min for units without IMASEN.
Following instrumentation, birds were returned to the nest and left to forage for a single trip before the device was removed. Procedures were approved by ethics committees at Swansea University, UK, and the National Research Council of Argentina.
Data analysis. ODBA is a measure of body motion derived from measurements of acceleration made in all 3 spatial axes (Wilson et al. 2006) . Raw acceleration values are comprised of a dynamic component and a static component. The latter was estimated by smoothing the data in each channel with a running mean over a period of 3 s ). The dynamic component was derived by subtracting the static values from the raw acceleration values in the same period. Dynamic values were made positive and summed from the 3 axes to give ODBA, which is given in units of gravitational force (g). In order to account for variation in sampling frequency, acceleration data originally recorded at 9 Hz were thinned to 6 Hz. The mechanical power used within the dive is alluded to by measurements of ODBA summed over second intervals (cf. Wilson et al. 2006 , Fahlman et al. 2008 ).
Only dives that had a square-shaped depth profile were included in the analysis as these are likely to represent benthic foraging dives (as opposed to infrequent V-shaped dives that might arise from pelagic foraging). Dives were binned according to maximum depth as depth varied little in the bottom phase. The frequency of ODBA values within the bottom phase was calculated for 20 dives for each 5 m depth range from 15 to 55 m, with the exception of dives with a maximum of 30 to 35 m, which were under-represented in the data collected, with a total of 14 dives recorded across individuals and years.
In order to examine how ODBA was related to upthrust across dive depths, the upthrust was calculated for any given dive depth following , assuming a body plumage air of 170 ml kg -1 (Gremillet et al. 2005) , respiratory air of 160 ml kg -1 (Lasiewski & Calder 1971) , body mass of 2.3 kg (Svagelj & Quintana 2007 ) and a bird body density that is otherwise neutrally buoyant in seawater (Wilson et al. 1992) . Analyses were performed in Microsoft Excel and using the custom-written software Snoop (G. Thomas, freeware).
To estimate the ODBA associated with prey searching (as distinct from prey pursuit and handling) ODBA was calculated for periods between beak opening events where several seconds of continuous swimming occurred > 3 s following the previous beak opening and > 3 s prior to the next. These ODBA values were extracted for all square-shaped dives with IMASEN data. IMASEN beak angle data were considered to be indicative of prey capture attempts where beak opening events were > 2°(cf. Wilson et al. 2002b ). These were counted per bird in relation to the time spent during the bottom phase.
RESULTS

Prey capture determined with IMASEN
Of the 8 units that included IMASENs, only 3 gave usable data. The remainder either failed due to breakages in the cable or had extensive noise in the signal, with an inter-mandibular angle sensor unit to record (b) beak opening angle, given in relation to overall dynamic body acceleration (ODBA) and dive depth for a single dive. Periods at the surface are highlighted in dark grey (beak openings here relate to patterns of respiration in preparation for and response to energy use during the dive), and the dive descent and ascent are shaded in light grey. Beak opening events during the bottom phase (unshaded) represent prey capture attempts rendering prey capture attempts unidentifiable, most likely the result of poor alignment of the magnet with the Hall sensor. The 3 successful IMASENs produced clear results, with distinct beak opening events along the bottom of the dive that sometimes coincided with an increase in ODBA (Fig. 1b) . Overall, birds had 434 prey capture attempts with a mean frequency of one attempt per 17.4, 8.4 and 7.9 s of bottom time for the 3 birds, respectively. Analysis of 50 beak opening events showed that pursuits lasted for 1 ± 0.5 s prior to attempted capture; using this, individual birds are estimated to have spent 88.2, 87.4 and 94% of the total bottom time searching and the remainder pursuing prey. Within individuals, dives were performed in 1 to 3 main bouts, each with a restricted depth range; consequently, IMASEN data were not acquired across all dive depths (Fig. 2) . Taking these limited data, the maximum gape angle of each beak opening event did not appear to increase with maximum dive depth (Fig. 2) .
ODBA as a function of dive depth
ODBA values during the bottom phase of the dive varied in relation to dive depth in a number of ways. Mean ODBA s -1 decreased with increasing dive depth (Fig. 3a) , as did the mean ODBA value per bottom phase, which was strongly correlated with the upthrust across dive depths (Fig. 3b) .
The frequency distributions of ODBA values during the bottom phase were left-skewed for all dive depths and the skew became more pronounced as dive depth increased (Fig. 4) . The skew could have arisen if, for instance, the main frequency peak was associated with travel and the higher ODBA values with prey pursuit and handling (cf. Fig. 1b) . This appeared to be the case for deeper dives (40 to 55 m), where ODBA values during searching (those between prey capture events) were lower than ODBA values across the bottom phase as a whole (Fig. 5 ) and in fact corresponded to the lowest 85% of ODBA values throughout the bottom phase. However, at shallow dive depths (10 to 20 m) ODBA during searching was indistinguishable from values taken over the whole bottom phase (Fig. 5 ).
DISCUSSION
Overall, ODBA values during the bottom phase decreased with increasing dive depth in a manner that was correlated with the upthrust experienced by the birds (Fig. 3) . This is consistent with previous findings (Wilson et al. 2006 ) and implies that upthrust (and, by proxy, dive depth) is likely to be the primary determinant of the mechanical power required during the bottom phase (see also Wilson et al. 2006 ).
During deeper dives, ODBA values associated with prey searching (those calculated between prey capture events) were lower than those of the entire bottom phase (which included searching, pursuit, capture and handling of prey) (Fig. 5) . This suggests that the prey types targeted during deep dives require pursuit speeds in excess of those used during prey searching, whereas prey targeted in shallower dives are caught and handled with a power output similar to that used for prey searching. This may be a response to depth-related changes in prey availability, namely an increase in prey density or prey size with dive depth , Watanuki et al. 2003 , causing an increase in the frequency or strength of pursuits, respectively (Macpherson & Duarte 1991) . Indeed, it has been suggested that depth-related patterns in prey availability are responsible for the dietary differences between males and females of several cormorant species (Kato et al. 1996 , 2001 , Bearhop et al. 2006 , as females are generally smaller than males of the same species, perform more shallow dives and take smaller prey (Peters et al. 1998) . We note that in the present study, maximum beak angle did not appear to increase with dive depth; however, the relationship between beak angle and prey size may be complicated by the handling requirements of various prey types. In fact this seems likely, as regurgitates from imperial shags at both study sites show that the shallow-diving females forage on smaller prey items than the deeper-diving males (F. Quintana unpubl. data).
The observed increase in bottom effort with dive depth could also arise if the ability of imperial shags to increase their swimming speed was contingent upon dive depth. Animals are subject to restrictions in the maximum power they can produce for both sustained locomotion and burst speeds (Wardle 1975 , Bennett 1991 . Therefore, when buoyancy-related costs are high, birds may have little metabolic scope to allocate to the production of pursuit speeds. The reverse is true for birds foraging at greater depths (up to the point where they approach neutral buoyancy). Here we present a simplistic model to explore how decreases in buoyancy might allow foraging cormorants to increase their prey-capture performance via increases in speed, before we consider the effect that this may have on cormorant foraging ecology as a function of depth. 
Model construction
We assumed that the maximum power available to the bird (P max ) is given by the maximum observed ODBA found per second underwater. This was taken as 11.0 g s -1
, which was the mean maximum ODBA s ). The relationship between ODBA and depth for cormorants swimming along the seabed was estimated using values of ODBA taken between beak opening events. As these data were only available for dives from 10 to 20 and 40 to 55 m, values of ODBA s -1 were plotted for these depths, and the following trendline was fitted between the data clusters: ODBA = -1.25ln(z) + 6.29
( 1) where z is depth (m). A logarithmic function was selected following Wilson et al. (1992) , where the theoretical relationship between energy expended and dive depth in cormorants followed a logarithmic decay. Thus the available power for an underwater pursuit (ODBA speed ) is given by:
Since ODBA scales linearly with metabolic power for movement (Wilson et al. 2006 ), it follows that, if the relationship between metabolic power (P) and speed for cormorants (we use the relationship for Phalacrocorax carbo since none is available for P. atriceps) is given by:
where S is the swim speed (m s -1
) and k 1 is a constant representing the energy consumption when resting at the water surface (Schmid et al. 1995) , then ODBA as a function of speed is given by:
where k 2 is a constant derived as follows. The relationship between ODBA and P can be found by regressing ODBA against the power required to swim at a given speed (derived from Eq. 3), where a value of 0.1 g is used as the resting value of ODBA ). As swim speed was not available from the present study, it was taken as the mean bottom swim speed for 4 cormorant species, with a value of 0.85 m s -1 (Wilson & Wilson 1988 , Ropert-Coudert et al. 2006 . We take the ODBA associated with this speed as that derived for searching along the seabed at 15 m (Eq. 1), as this was the depth range at which speed during the bottom phase was measured for 4 cormorant species by Wilson & Wilson (1988) . Using this conversion, ODBA is related to P via:
If we calculate the power required for a range of swim speeds (following Eq. 3) and convert this to ODBA (using Eq. 5) then speed can be derived graphically as a function of available ODBA, which is described by: ln(S) = 2.02 -3.31/ODBA speed 0.5 (6) Thus the maximum speed available to imperial shags at any depth can be derived using Eqs. (2) & (6) (Fig. 6 ). This approach indicates that depth may account for a difference of 0.5 m s -1 in attainable speed across depths from 5 to 60 m, with maximum speeds ranging from 2.1 to 2.6 m s -1 above search speed (Fig. 6) . If the ODBA ceiling (corresponding to a maximum power) is decreased, the difference in maximum speed increases (Fig. 6) ; using a value of 8 g for P max (the lowest value of P max in the data), the difference in maximum speed across dive depths becomes 0.7 m s -1
, and if P max = 15 g (the highest P max founding the data), the difference in maximum speed varies by 0.3 m s -1 (Fig. 6 ).
Model criticism
This is a simplistic attempt to show how decreasing power costs with increasing depth may relate to greater power being available for pursuit speed. The model assumes that once the costs of countering buoyancy have been accounted for, the power required to produce any further speed remains the same across dive depths. This may not be valid if, for example, energy savings from swimming patterns such as the burst-and-glide gait (Ribak et al. 2005) vary with dive depth. Indeed this is quite likely, given that the burst-and-glide gait appears to provide energy savings during swimming at elevated body angles, and body angle varies with dive depth (Watanuki et al. 2005) . Data on swim speed in relation to ODBA and dive depth could provide further insight here. It is also worth noting that the power costs above those estimated for prey searching were derived using the relationship between power and swim speed (Eq. 3), where swim speed increases from zero. While this is not strictly the case for imperial shags (which are increasing their speed from an estimated 0.85 m s -1 ), we consider that this is unlikely to be a large source of error as the metabolic power increases slowly and relatively constantly for swim speeds ≤ 2 m s -1 (Schmid et al. 1995) . The model also assumes that the search speed remains constant with depth. An assessment of swim speed in 4 species of cormorant revealed that speed during the bottom phase only varied with depth in the white-breasted cormorant Phalacrocorax carbo lucidus (Wilson & Wilson 1988) . In addition, the correlation between ODBA and upthrust ( Fig. 3b) implies that search speed in the bottom phase either varies linearly or is constant with depth (assuming that ODBA scales linearly with metabolic rate, Wilson et al. 2006 , Fahlman et al. 2008 ). If swim speed increased with dive depth (as in P. carbo lucidus), then the power, or ODBA, required to produce a given speed with increasing dive depth would be underestimated, as would the depth-related increase in achievable pursuit speeds.
Implications of model outcomes
While our model predicts that the difference in estimated maximum speeds with depth is relatively small, it may still be highly relevant in determining which size prey birds may catch, as burst speeds in fish are related to body size (Wardle 1975) . Furthermore, even a difference of 0.5 m s -1 represents a substantial part of the range of burst speeds (ca. 0.7 to 5. 5 m s -1 ) for species commonly preyed upon by Phalocrocorax carbo in Europe (Ropert-Coudert et al. 2006) . Importantly, the large power requirements needed for high pursuit speeds make it sometimes more appropriate to take longer to pursue prey at lower speeds (Wilson et al. 2002a ). The variable metabolic costs of counteracting buoyancy have profound consequences for pursuit speed even when the birds are not operating at their metabolic ceiling. For example, according to our formulation, the difference in power use between an imperial shag pursuing prey at any speed at 5 or 60 m is 10.4 W. If birds adopt pursuit speeds according to a restricted power allocation, however, the speeds attainable for pursuit vary considerably. For example, if a maximum of 20 W is allocated for a pursuit, this could generate a horizontal speed of 1.1 m s -1 when foraging at 5 m depth, while the same bird foraging at 60 m depth could travel at 2.1 m s -1 (Fig. 7) . As a result, the costs of a pursuit and consequences for the remaining time and power available will vary with dive depth and, therefore, so will the net energetic gain per prey item. However, we note that the depthrelated trends in diet recorded for many species of cormorants (e.g. Kato et al. 2001 , Bearhop et al. 2006 , will presumably reflect a combined response to the variable costs of pursuing different prey types and sizes and bathymetric trends in prey availability (e.g. Macpherson & Duarte 1991) .
Given that most diving birds are highly buoyant compared to marine mammals or reptiles, the potential for them to be limited in the power they can invest in speed for pursuits at shallow depths has far-reaching implications. For example, speed restrictions would increase with the buoyancy of the species in question, those more buoyant being particularly confined to low swim speeds in shallow water. Indeed, the particularly high volumes of air in the plumage of certain diving bird groups such as auks might not only preclude them from exploiting shallow depths because their energy expenditure is so high (Wilson et al. 1992 ), but also because at such depths their available power does not allow them to pursue prey at appropriate speeds. This may help explain, for example, why auks dive so deeply for their body size (Watanuki & Burger 1999) and why other birds such as diving ducks, which dive relatively shallowly, are either herbivorous or feed on sedentary prey. Ultimately though, the precise manner in which air for insulation (which modulates heat loss and power production to counteract it, Wilson et al. 2008b ) affects power use and thus power available for speed as a function of depth is likely to be complex. However, it is clear that, given that the allocation of power to speed can be a function of depth, the appropriate pursuit (or not) strategy for diving birds will depend on the extent to which a pursuit compromises oxygen stores (and therefore bottom duration) and how this equates with the encounter rate of prey of varying sizes and escape speeds. 
